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SUMMARY 

Concept o f  u s i n g  an e q u i v a l e n t  monodisperse spray t o  rep resen t  t h e  v a p o r i -  
z a t i o n  behavior  o f  p o l y d i s p e r s e  sprays has been examined by n u m e r i c a l l y  s o l v i n g  
two t u r b u l e n t  v a p o r i z i n g  sprays.  One i n v o l v e s  t h e  i n j e c t i o n  o f  f reon-11 i n  a 
s t i l l  environment,  whereas t h e  o t h e r  i s  a methanol spray i n  a s t i l l  b u t  h o t  
environment.  The use o f  t h r e e  d l f f e r e n t  mean s i z e s ,  namely, Sauter  mean diam- 
e t e r ,  volume median d iameter ,  and surface-area mean d iameter ,  has been i n v e s t i -  
gated. Resu l t s  i n d i c a t e  a good degree o f  c o r r e l a t i o n  between t h e  p o l y d i s p e r s e  

r e s u l t s .  The sur face-area mean diameter does n o t  p r o v i d e  as good a c o r r e l a t i o n  
as t h e  o t h e r  two mean diameters.  

0 
0 

M M spray and i t s  e q u i v a l e n t  monodisperse sprays rep resen ted  by t h e  volume medlan 
I d iameter  and t h e  Sauter mean diameter,  t h e  former g i v i n g  s l i g h t l y  b e t t e r  

w 

I N T R O O U C T  I O N  

T h i s  work i s  aimed a t  examining t h e  concept o f  an " e q u i v a l e n t "  monodls- 
perse spray w i t h  some s u i t a b l e  mean drop s i z e .  Purpose i s  t o  e x p l o r e  i f  an 
' e q u i v a l e n t n  monodisperse spray can adequately rep resen t  t h e  behavior  o f  a 
g i v e n  p o l y d i s p e r s e  spray,  and i f  i t  can, what i s  t h e  d r o p l e t  s i z e  o f  t h i s  
q u i v a l e n t  spray.  The w n r k  i q  impor tan t  because t h e  adequate ' i n i t i a l  cond i -  
t i o n s  a r e  c u r r e n t l y  n o t  a v a i l a b l e  f o r  spray. computat ions,  and because t h e  
numer ica l  e f f o r t s  i n v o l v e d  i n  s o l v i n g  r e a l f s t l c  p o l y d i s p e r s e  sprays cou ld  be 
enormous. 

Most researchers have employed the Sauter mean d iameter  t o  rep resen t  a 
p o l y d i s p e r s e  spray.  There i s  no evidence, however, t o  e s t a b l i s h  t h a t  t h i s  
d iameter  i s  t h e  most s u i t a b l e  diameter f o r  s i m u l a t i n g  t h e  behav io r  o f  p o l y d i s -  
perse sprays.  There have been some s tud ies  ( r e f s .  1 t o  4) which have at tempted 
t o  f i n d  t h e  most r e p r e s e n t a t i v e  diameter.  D i c k i n s o n  and M a r s h a l l  ( r e f .  1 )  con- 
c luded t h a t  f o r  d i f f u s i o n - c o n t r o l l e d  v a p o r i z a t i o n ,  no mean d iameter  can ade- 
q u a t e l y  rep resen t  t h e  v a p o r i z a t i o n  c h a r a c t e r i s t i c s  o f  p o l y d i s p e r s e  sprays.  
A l k i d a s  ( r e f .  2) conducted an a n a l y t i c a l  s tudy on s t e a d y - - s t a t e  v a p o r i z a t i o n  
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and concluded t h a t  t h e  Sauter mean d iameter  b e s t  c o r r e l a t e s  t h e  o v e r a l l  v a p o r i -  
z a t i o n  behavior  o f  sprays o f  d i f f e r e n t  i n i t i a l  s i z e  d i s t r i b u t i o n s  f o r  b o t h  
d i f f u s i o n - c o n t r o l l e d  and r a d i a t i o n - c o n t r o l l e d  v a p o r i z a t i o n .  A s tudy by 
Aggarwal and S i r i gnano  ( r e f .  3) i n d i c a t e d  t h a t  t h e  i g n i t i o n  c h a r a c t e r i s t i c s  of  
p o l y d i s p e r s e  sprays a r e  b e s t  represented by t h e  sur face-area mean d iameter  and 
n o t  by t h e  Sauter mean d iameter  (SMD) .  A more r e c e n t  s tudy by Aggarwal 
( r e f .  4 )  concluded t h a t  t h e  f lame c h a r a c t e r i s t i c s  o f  p o l y d i s p e r s e  sprays a r e  
b e s t  s imu la ted  by t h e  SMD, a l t hough  t h e  sur face-area mean d iameter  i s  s t i l l  
t h e  more a p p r o p r i a t e  one f o r  r e p r e s e n t i n g  t h e  i g n i t i o n  behavior .  Yet ano the r  
i n v e s t i g a t i o n  ( r e f .  5 )  i n d i c a t e d  t h a t  t h e  volume median d iameter  I s  a more 
s u i t a b l e  diameter.  C l e a r l y  t h e r e  i s  no genera l  consensus on t h e  most optimum 
mean d iameter .  Moreover, these s t u d i e s  have analyzed i d e a l i z e d  s i t u a t i o n s .  

The present  s tudy i s  d i r e c t e d  toward examining t h e  above i s s u e  by con- 
s i d e r i n g  a more r e a l i s t i c  s i t u a t i o n  o f  a v a p o r i z i n g  t u r b u l e n t  spray f o r  which 
t h e  i n l t i a l  d r o p l e t  s i z e  d i s t r i b u t i o n  i s  ob ta ined  e x p e r i m e n t a l l y .  Two cases 
a r e  considered.  F i r s t  i s  an evapora t l ng  Freon-11 spray produced by an a i r -  
a t o m i z i n g  i n j e c t o r  i n  a s t i l l  environment.  Exper imenta l  da ta  f o r  i n i t i a l  con- 
d i t i o n s  a r e  a v a i l a b l e  f o r  t h i s  case. Second i s  an e v a p o r a t i n g  methanol spray 
which i s  a l s o  assumed t o  be produced by an a l r - a t o m i z l n g  i n j e c t o r  b u t  i n  a h o t  
env i ronment .  Since no exper imenta l  da ta  i s  a v a i l a b l e  f o r  t h i s  case, t h e  
i n i t i a l  c o n d i t i o n s  a re  assumed t o  be t h e  same as g i v e n  i n  t h e  f i r s t  case. For 
b o t h  t h e  cases, r e s u l t s  a r e  ob ta ined  f o r  t h e  p o l y d i s p e r s e  spray and compared 
w i t h  those f o r  t h ree  e q u i v a l e n t  monodisperse sprays rep resen ted  r e s p e c t i v e l y  
by t h e  Sauter mean d iameter  (d32 ) ,  t h e  surface-area-mean d iameter  (d20) .  
and t h e  volume median d iameter  ( d 0 . 5 ~ ) .  

B r i e f  D e s c r i p t i o n  o f  t h e  P h y s i c a l  Model 

Major  assumptions f o r  t h e  cont inuous phase a r e :  ax isymmetr ic  and steady 
f l o w ,  boundary l a y e r  approx imat ions apply ,  equal  exchange c o e f f i c i e n t s  o f  a l l  
spec ies and heat, buoyancy o n l y  a f f e c t s  mean f l o w ,  and n e g l i g i b l e  e f f e c t s  o f  
mean k i n e t i c  energy and r a d i a t i o n .  The a n a l y s i s  employs Favre-averaged gov- 
e r n i n g  equat ions and a k-E-g t u r b u l e n t  model f o r  t h e  gas-phase, s i n c e  t h i s  
approach prov ided good p r e d i c t i o n s  o f  t h e  s t r u c t u r e s  o f  v a r i a b l e  d e n s i t y  
s ing le-phase j e t s ,  as w e l l  as evapora t i ng  and combust ing sprays,  d u r i n g  p a s t  
work ( r e f s .  6 and 7 ) .  Sca la r  p r o p e r t i e s  (such as d e n s i t y  and temperature)  a r e  
ob ta ined  by us ing conserved s c a l a r  approach i n  c o n j u n c t i o n  wth s t a t e  r e l a t i o n -  
sh ips  cons t ruc ted  by a d i a b a t i c  m i x i n g  c a l c u l a t i o n s .  

The l i q u i d  phase i s  t r e a t e d  by s o l v i n g  Lagrangian equa t ions  o f  mo t ion  and 
t r a n s p o r t  f o r  t r a j e c t o r i e s  o f  a s t a t i s t i c a l l y - . s i g n i f i c a n t  sample o f  i n d i v i d u a l  
d r o p l e t s  and then computing source terms f o r  mass, momentum and energy due t o  
d r o p l e t s  which appear i n  t h e  govern ing equa t ions  f o r  t h e  gas phase. This  
i n v o l v e s  d i v i d i n g  t h e  d r o p l e t s  i n t o  n groups ( d e f i n e d  by p o s i t i o n ,  d iameter ,  
and v e l o c l t y )  a t  t h e  i n i t i a l  c o n d i t i o n ,  and then  comput ing t h e i r  subsequent 
l i f e - h i s t o r i e s  i n  t h e  f l o w .  The s t o c h a s t i c - s e p a r a t e d - f l o w  f o r m u l a t i o n  o f  
re fe rences  6 and 7 i s  adopted f o r  d r o p l e t  c a l c u l a t i o n s .  I n  t h i s  approach, t h e  
d r o p l e t s  a r e  assumed t o  i n t e r a c t  w i t h  a random d i s t r i b u t i o n  o f  t u r b u l e n t  
eddies,  p r o v i d i n g  s imu l taneous ly  f o r  d r o p l e t  d i s p e r s i o n  by t u r b u l e n c e  and 
e f f e c t s  o f  t u r b u l e n t  f l u c t u a t i o n s  on i n t e r p h a s e  t r a n s p o r t .  The scales and t h e  
p r o p e r t i e s  o f  each eddy and t h e  t i m e  o f  i n t e r a c t i o n  o f  a d r o p l e t  w i t h  a p a r -  
t i c u l a r  eddy are found us ing  t h e  methods desc r ibed  by Shuen e t . a l .  ( r e f s .  6 
and 7 ) .  
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The assumptions f o r  t h e  d r o p l e t  t r a n s p o r t  c a l c u l a t i o n s  as w e l l  as t h e  
complete f o r m u l a t i o n  o f  t h e  separated- f low model a r e  g i v e n  i n  d e t a i l  i n  
re fe rences  6 and 7,  and, t h e r e f o r e ,  w i l l  n o t  be repeated here.  

D e f i n i t i o n  o f  Mean Diameters 

Var ious mean diameters f o r  a p o l y d i s p e r s e  spray a r e  d e f i n e d  by t h e  
r e 1  a t  1 on 

1 

where dn rep resen ts  t h e  number o f  d r o p l e t s  w i t h  d iameter  between x and 
x t dx. 

For t h e  Sauter mean diameter i = 3 and j 
area mean d iameter  i = 2 and j = 0. 

Normal ized cumu la t i ve  volume f o r  t h e  l i q u i d  

C v (  x )  = I x x 3  0 
d./Imx3 0 

and t h e  volume median d iameter  i s  de f i ned  as t h e  
above i n t e g r a l  corresponding t o  C v  = 0.5. 

= 2, whereas f o r  t h e  su r face -  

phase i s  de f i ned  as 

dn ( 2 )  

va lue  o f  upper l i m i t  I n  t h e  

I n i t i a l  Cond i t i ons  f o r  t h e  Monodisperse Sprays 

Using t h e  exper imenta l  s i z e  d i s t r i b u t i o n ,  t h e  va lues o f  d32 and d20 
were c a l c u l a t e d  as a f u n c t i o n  o f  j e t  r a d i a l  l o c a t i o n .  The r e s u l t  i n d i c a t e d  
t h a t  d32 and d20 a r e  a lmost  un i fo rm i n  t h e  r a d i a l  d i r e c t i o n  i n i t i a l l y .  
Thus a s i n g l e  d r o p l e t  s i z e  i s  s u f f i c i e n t  f o r  s p e c i f y i n g  t h e  i n i t i a l  l i q u i d  mass 
d i  s t r i  b u t  i on. 

The volume median d iameter  can be c a l c u l a t e d  by u s i n g  equa t ion  ( 2 ) .  where 
t h e  i n t e g r a l  i s  computed n u m e r i c a l l y  by u s i n g  t h e  exper imenta l  s i z e  d i s t r i b u -  
t i o n .  The c a l c u l a t e d  va lues f o r  d20, d32, and dO.sv f o r  t h e  exper imenta l  
s i z e  d i s t r i b u t i o n  a r e  48.4, 59.8, and 65.0 pm, r e s p e c t i v e l y .  For t h e  monodis- 
perse sprays,  t h e  d r o p l e t  v e l o c i t y  d l s t r i b u t i o n  i s  ob ta ined  by u s i n g  t h e  
assumption t h a t  t h e  v e l o c i t y  d i s t r i b u t i o n  f o r  a g i v e n  drop s i z e  i s  t h e  same as 
t h e  exper imen ta l  v e l o c i t y  d i s t r i b u t i o n  f o r  t h a t  s i z e .  F o r  example, f o r  mono- 
disperse spray w i t h  
corresponds t o  t h e  exper iment va lues f o r  d r o p l e t  s i z e  o f  59.8 pm. A s l i g h t l y  
b e t t e r  v e l o c i t y  d i s t r i b u t i o n  may be obta ined from t h e  t o t a l  l iquid-momentum 
f l u x  c o n s i d e r a t i o n s ,  i . e . ,  by equat ing t h e  t o t a l  momentum f l u x  o f  t h e  monodis- 
pe rse  spray t o  t h a t  o f  t h e  po lyd i spe rse  spray.  However, t h e  d i f f e r e n c e s  
between t h e  two d i s t r i b u t i o n s  were found t o  be sma l l .  

d32 ( =  59.8 Pm), t h e  i n i t i a l  v e l o c i t y  d i s t r i b u t i o n  
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Resul ts  f o r  t he  Freon-11 Spray 

For t h e  evaporat ing f reon-11 spray,  t h e  i n i t i a l  c o n d i t i o n s  f o r  two-phase 
c a l c u l a t i o n s  are taken f rom t h e  exper imenta l  d a t a  o f  r e f e r e n c e  6 a t  x/D = 50. 
Resu l t s  f o r  t h e  p o l y d i s p e r s e  and t h r e e  e q u i v a l e n t  monodisperse sprays r e p r e -  
sented by d32, d20, and d 0 . 5 ~  a r e  presented i n  f i g u r e s  1 t o  3.  V a r i a t i o n  
o f  f r e o n  vapor mass f r a c t i o n  i n  t h e  j e t  i s  g i v e n  i n  f i g u r e  1 .  Agreement 
between t h e  f o u r  cases i s  e x c e l l e n t ,  b o t h  i n  terms o f  t h e  a x i a l  and r a d i a l  
v a r i a t i o n s .  The p r o f i l e s  o f  gas temperature i n  t h e  a x i a l  and r a d i a l  d i r e c t i o n s  
a r e  a l s o  a lmost  i d e n t i c a l  f o r  t h e  f o u r  cases ( n o t  shown). Such an e x c e l l e n t  
agreement may be somewhat m i s l e a d i n g  because t h e  f r e o n  vapor mass f r a c t i o n  a t  
t h e  i n i t i a l  s t a t i o n  (x /D  = 50) i s  r e l a t i v e l y  h igh .  I t s  v a r i a t i o n  i s  t hen  con- 
t r o l l e d  by t h e  f l u id -dynamica l  and m i x i n g  processes r a t h e r  by t h e  l i q u i d - p h a s e  
processes. F igures 2 and 3 a r e  perhaps more r e p r e s e n t a t i v e  o f  t h e  d i f f e r e n c e s  
between t h e  po lyd i spe rse  and t h e  e q u i v a l e n t  monodisperse sprays.  Rad ia l  p r o -  
f i l e s  o f  t o t a l  f r e o n  mass f r a c t i o n  a t  x/D = 400 and 500 a r e  shown I n  f i g u r e  2. 
D i f f e r e n c e s ,  which a r e  r e l a t i v e l y  l a r g e  a t  x / D  = 500 a r e  somewhat exaggerated 
because 80 percent  o f  l i q u i d  mass i s  evaporated and o n l y  ve ry  l a r g e  d r o p l e t s  
a r e  rema in ing  a t  t h i s  l o c a t i o n .  Thus, f i g u r e  2 (b ) ,  which i n d i c a t e s  a good 
degree o f  c o r r e l a t i o n  between t h e  p o l y d i s p e r s e  spray and i t s  e q u i v a l e n t  mono- 
d i s p e r s e  sprays,  p rov ides  a b e t t e r  r e p r e s e n t a t i o n  o f  t h e  d i f f e r e n c e s  i n  most 
o f  t h e  j e t .  Radia l  v a r i a t i o n  o f  l i q u i d  f l u x  a t  two a x i a l  l o c a t i o n s  i s  g i v e n  
i n  f i g u r e  3. Again, f i g u r e  3 ( b ) ,  which p rov ides  a b e t t e r  r e p r e s e n t a t i o n  o f  t h e  
d i f f e r e n c e s  than f i g u r e  3 ( a ) ,  shows t h a t  t h e  v a p o r i z a t i o n  behavior  o f  p o l y d i s -  
pe rse  sprays can be reasonably  represented by t h e  e q u i v a l e n t  monodisperse 
sprays.  Amongst t h e  t h r e e  monodisperse sprays,  t h e  one w i t h  t h e  volume median 
d iameter  seems t o  p r o v i d e  t h e  c l o s e s t  p r e d i c t i o n s  t o  t h e  p o l y d i s p e r s e  spray,  
whereas t h e  d2,-, sprays shows t h e  l a r g e s t  d i f f e r e n c e s .  V a r i a t i o n  o f  l i q u i d  
f l u x  a l o n g  t h e  j e t  a x i s ,  g i v e n  i n  t a b l e  I ,  demonstrates s i m i l a r  degree o f  c o r -  
r e l a t i o n  between p o l y d i s p e r s e  and t h r e e  monodisperse sprays,  w i t h  d0.5,, and 
d20 sprays showing, r e s p e c t i v e l y ,  t h e  b e s t  and t h e  wors t  agreement w i t h  t h e  
p o l y d i s p e r s e  spray. A t  x/D = 70, d 0 . 5 ~  and d32 sprays o v e r p r e d i c t  t h e  
c e n t e r l i n e  l i q u i d  f l u x .  Th is  i s  perhaps t h e  f l u i d - d y n a m i c  e f f e c t ,  as t h e  j e t  
i n t e r i o r  i s  r e l a t i v e l y  c o l d  and t h e  v a p o r i z a t i o n  r a t e  i s  sma l l .  Smal ler  drop- 
l e t s  tend t o  move away f rom t h e  c e n t e r l i n e  whereby reduc ing  t h e  l i q u i d  mass 
f l u x  t h e r e  f o r  the p o l y d i s p e r s e  case. For  x/D between 100 and 400, t h e  
d 0 . 5 ~  spray cont inues t o  o v e r p r e d i c t  t h e  c e n t e r l i n e  l i q u i d  f l u x ,  which I s  now 
due t o  t h e  v a p o r i z a t i o n  e f f e c t ,  i . e . ,  t h e  s m a l l e r  d r o p l e t s  i n  t h e  p o l y d i s p e r s e  
spray a r e  v a p o r i z i n g  f a s t e r .  For x/D g r e a t e r  t han  500, t h e  l i q u i d  f l u x  i s  
h i g h e r  f o r  t h e  p o l y d i s p e r s e  case because o n l y  t h e  l a r g e  d r o p l e t s  a r e  remain ing.  
However, t h e  d i f f e r e n c e s  a r e  n o t  i m p o r t a n t  t he re ,  as most o f  t h e  l i q u i d  mass 
has a1 ready vapor1 zed. 

D i f f e r e n c e s  between t h e  p o l y d i s p e r s e  and d20 sprays a r e  smal l  
i n i t i a l l y .  F u r t h e r  downstream, x/D between 150 and 250, t h e  d20 spray over-  
p r e d i c t s  t h e  c e n t e r l i n e  l i q u i d  f l u x  due t o  t h e  f a s t e r  v a p o r i z a t i o n  o f  s m a l l e r  
d r o p l e t s  i n  t h e  p o l y d i s p e r s e  case. For x / D  g r e a t e r  t han  250, l i q u i d  f l u x  i s  
h i g h e r  f o r  t h e  p o l y d i s p e r s e  spray f o r  t h e  same reason as ment ioned e a r l i e r .  
Perhaps, t h e  r a d i a l  d i s t r i b u t i o n  o f  l i q u i d  f l u x ,  as g i v e n  i n  t a b l e  I ( b )  a t  
x/D = 150, p rov ides  a b e t t e r  r e p r e s e n t a t i o n  o f  t h e  d i f f e r e n c e s  between t h e  
f o u r  cases. I n  t h e  i n n e r  reg ion ,  t h e  monodisperse sprays g e n e r a l l y  ove r -  
p r e d i c t ,  whereas i n  t h e  o u t e r  r e g i o n  they u n d e r p r e d i c t  t h e  l i q u i d  f l u x  as com- 
pared t o  t h e  po lyd i spe rse  case. 
e f f e c t  and t h e  r a d i a l  d i s t r i b u t i o n  o f  gas temperature.  The i n n e r  r e g i o n  i s  

The d i f f e r e n c e s  a r e  due t o  t h e  v a p o r i z a t i o n  

4 
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relatively cold, thus, only the smaller droplets in the polydisperse spray 
experience significant vaporization. In the outer region, the vaporization 
rate is higher for the monodisperse sprays as compared to the polydisperse 
spray since the gas temperature is relatively higher. 

Total freon mass fraction values at the centerline for the four cases are 
shown in table I(a). Obviously the differences between polydisperse and mono- 
disperse sprays are much smaller as compared to those in the liquid flux 
comparison. 

CONCLUDING REMARK 

The major conclusion from the above results is that the vaporization 
behavior of polydisperse sprays can be represented by the equivalent monodis- 
perse sprays. There is a reasonably good correlation, both in terms of gas- 
phase as well as liquid-phase properties, between the polydisperse and three 
monodisperse sprays. Moreover, the use of equivalent monodisperse spray 
reduces the computational effort by a factor of six. For the present results, 
the use of volume median diameter best represents the polydisperse spray 
behavior, although the Sauter mean diameter and the surface-area-mean diameter 
also provide a reasonably good correlation to the DolydisDerse sDray. It 
should be noted, however, that the freon-11 spray, due to its fast vaporization 
characteristics and due to high value of initial fuel vapor concentration, may 
not be a good test case for examining the degree o f  correlation between the 
polydisperse spray and its equivalent monodisperse sprays. This issue Is pur- 
sued further by using a methanol spray, as discussed in the next section. 

Methanol Spray Results 

Results are now presented for a vaporizing turbulent methanol spray. The 
purpose is to further examine the degree of correlation between the polydis- 
perse spray and its equivalent monodisperse sprays. The physical model is 
essentially the same as that for the freon-11 case, except that a methanol 
spray in hot still surroundings, which is a temperature of 800 O K ,  is consid- 
ered. Initial distribution of gas-phase properties is assumed to be the same 
as that for the freon-11 spray. Initial droplet size and velocity distribu- 

no other experimental data is available in the literature. Another reason for 
using the same initial conditions as much as posslble is to alter only the 
vaporization characteristics o f  the spray without changing its fluid--dynamical 
characteristics. Methodology for Calculating droplet size-history and trajec- 
tory is identical to the one employed In reference 7. 'Iransport and thermo- 
dynamic properties as well as the equations o f  states (for calculating gas 
temperature and density) are also computed by following the procedure of 
reference 7. Direct droplet interaction is neglected and the thin skin approx- 
imation (ref. 7) is employed. Further details are given in the above 
reference. 

L , u , , ,  ~ i - e  a l s o  ass~ i i jed  t o  be t h e  ;ame 6; 4-h-C fn r  +hn C r n n n  e n r - a r  Mn+n + h - C  
L l l U L  I UI L I I C  1 I G u l l  > P I  u y .  I . "LT I , I IUL  

L a - - -  

Results are again obtained for the polydisperse case and compared with 
those for the three monodisperse sprays. Methanol vapor distribution in the 
jet for all four cases is shown in figure 4 .  The differences in the radial 
distribution of methanol vapor are negligible. In the axial direction, the 
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agreement between t h e  po lyd i spe rse ,  d32, and sprays i s  q u i t e  reason- 
a b l e .  However, t h e  d20 spray i n d i c a t e s  s i g n i f i c a n t  d e p a r t u r e  f r o m  t h e  p o l y -  
d i s p e r s e  spray,  t h e  maximum d i f f e r e n c e  be ing  35 pe rcen t  as compared t o  
10 pe rcen t  f o r  t h e  d32 and d0.5v sprays.  I t  i s  a l s o  i n t e r e s t i n g  t o  n o t e  
t h a t  t h e  d i f f e r e n c e s  between p o l y d i s p e r s e  and monodisperse sprays a r e  now more 
s i g n i f i c a n t  as compared t o  t h e  f r e o n  case. 
This  i s  due t o  the  l a r g e  amount o f  i n i t i a l  f u e l  vapor i n  t h e  f r e o n  case; t h e  
methanol vapor mass f r a c t i o n  a t  t h e  i n i t i a l  l o c a t i o n  i s  zero.  Consequently, 
t h e  d i f f e r e n c e s  i n  t h e  v a p o r i z a t i o n  behav io r  o f  p o l y d i s p e r s e  and monodisperse 
sprays a r e  b e t t e r  h i g h l i g h t e d  w i t h  t h e  methanol spray.  
v a t i o n  i s  t h a t  even f o r  t h e  methanol case, t h e  r e s u l t s  f o r  d32 and d 0 . 5 ~  
sprays a r e  q u i t e  encouraging. 

shown i n  f i g u r e s  5 and 6, r e s p e c t i v e l y .  

d0.5,, 

Compare f i g u r e s  l ( a )  and 4 ( a ) .  

More i n t e r e s t i n g  obser-  

Rad ia l  v a r i a t i o n  o f  t o t a l  methanol mass f r a c t i o n  and o f  l i q u i d  f l u x  a r e  

R a d i a l  d i s t r i b u t i o n  o f  l i q u i d  f l u x  a t  two a x i a l  l o c a t i o n s  i s  g i v e n  i n  
f i g u r e  5 .  A t  x / D  = 150,  t h e  d32 p r e d i c t i o n s  seem t o  be t h e  c l o s e s t  t o  
t h e  po lyd i spe rse  r e s u l t s .  Except near t h e  j e t  edge, t h e  l i q u i d  f l u x  values a r e  
h i g h e r  f o r  t h e  d32 and d0,5,, sprays because t h e  smal l  d r o p l e t s  i n  t h e  
p o l y d i s p e r s e  spray a r e  v a p o r i z l n g  f a s t e r .  Note t h a t ,  u n l i k e  t h e  f r e o n  case, 
t h e  i n t e r i o r  o f  t h e  j e t  i s  h o t  and t h e  v a p o r i z a t i o n  t h e r e  i s  s i g n i f i c a n t  i n  t h e  
p resen t  case. Moreover, t h e  e f f e c t  o f  gas-phase convec t i on  on d r o p l e t  vapor-  
i z a t i o n  i s  t h e  l a r g e s t  a t  t h e  j e t  a x i s .  As a r e s u l t ,  t h e  l i q u i d  f l u x  a t  t h e  
a x i s  i s  lower  as compared t o  t h e  va lues i n  t h e  j e t  i n t e r i o r .  The l i q u i d  f l u x  
values f o r  t h e  d20 spray a r e  underp red ic ted ,  which i n d i c a t e s  f a s t e r  vapor- 
i z a t i o n  f o r  t h i s  case as compared t o  t h e  p o l y d i s p e r s e  case. I t  i s  a l s o  no te -  
wor thy t h a t  t h e  a c t u a l  d i f f e r e n c e s  between t h e  p o l y d i s p e r s e  and t h e  monodis- 
perse sprays are sma l le r  t han  those i n d i c a t e d  i n  f i g u r e  5 ( a ) .  Th i s  i s  because 
t h e  l i q u i d  f l u x  has been normal ized by t h e  c e n t e r - l i n e  va lue,  which i s  sma l le r  
f o r  t h e  do sV  and d32 sprays b u t  h i g h e r  f o r  t h e  d20 spray as 
compared t o ' t h e  p o l y d i s p e r s e  case. 
t a b l e  11. 

The c e n t e r - l i n e  l i q u i d  f l u x  i s  g i v e n  i n  

The r a d i a l  d i s t r i b u t i o n s  o f  methanol l i q u i d  f l u x  a t  x / D  = 300 ( f i g .  5 ( b ) )  
i s  remarkedly d i f f e r e n t  f rom those a t  x/D = 150. Resu l t s  f o r  a l l  t h r e e  mono- 
d i s p e r s e  sprays a r e  now i n  agreement w i t h  each o the r ,  b u t  a r e  c o n s i s t e n t l y  
underp red ic ted  as  compared t o  t h e  p o l y d i s p e r s e  case. The u n d e r p r e d i c t i o n  i s  
due t o  t h e  f a c t  t h a t  most o f  t h e  l i q u i d  (more than  80 p e r c e n t )  has a l r e a d y  
vapor ized a t  t h i s  l o c a t i o n  and o n l y  a few l a r g e  d r o p l e t s  i n  t h e  p o l y d i s p e r s e  
spray a r e  remaining. Thus, t h e  r e s u l t s  i n  f i g u r e  5 (a )  a l o n g  w i t h  t a b l e  I 1  a r e  
more r e p r e s e n t a t i v e  o f  t h e  d i f f e r e n c e s  between t h e  f o u r  sprays as compared t o  
those i n  f i g u r e  5( b ) .  

F i g u r e  6 shows t h e  r a d i a l  v a r i a t i o n  o f  t o t a l  methanol mass f r a c t i o n .  
Obviously,  t h e  agreement i s  much b e t t e r  here as compared t o  t h a t  i n  f i g u r e  5. 
Table 111, which g i v e s  t h e  a x i a l  v a r i a t i o n  o f  t o t a l  l i q u i d  and vapor mass f l o w  
r a t e ,  p r o v i d e s  a g l o b a l  comparison o f  t h e  v a p o r i z a t i o n  behav io r  o f  p o l y d i s p e r s e  
spray w i t h  i t s  e q u i v a l e n t  monodisperse sprays.  Again, t h e  degree o f  c o r r e l a - -  
t i o n  between the p o l y d i s p e r s e  and 
perse and d32 sprays I s  q u i t e  accep tab le  up t o  x / D  = 250. I t  d e t e r i o r a t e s  
f u r t h e r  downstream b u t  i s  un impor tan t  as much of t h e  l i q u i d  has a l r e a d y  vapor-  
i z e d .  Another i n t e r e s t i n g  o b s e r v a t i o n  emerges from t h e  comparison o f  f i g u r e s  3 
and 5. The d i f f e r e n c e s  between t h e  p o l y d i s p e r s e  and monodisperse sprays a r e  

d0.sv sprays,  and between t h e  p o l y d i s -  
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r e l a t i v e l y  l a r g e r  f o r  t h e  methanol case and a r e  more t y p i c a l  o f  t h e  degree o f  
c o r r e l a t i o n  between t h e  v a p o r i z a t i o n  behavior  o f  p o l y d i s p e r s e  spray and i t s  
e q u i v a l e n t  monodisperse spray.  The methanol r e s u l t s  a r e  neve r the less  encour- 
ag ing,  s p e c i a l l y  f o r  t h e  d 0 . 5 ~  and d32 sprays.  

CONCLUSIONS 

S t r u c t u r e  o f  e v a p o r a t i n g  t u r b u l e n t  sprays i s  n u m e r i c a l l y  computed and t h e  
use o f  " e q u i v a l e n t "  monodisperse spray f o r  s i m u l a t i n g  t h e  v a p o r i z a t i o n  behav io r  
o f  r e a l i s t i c  p o l y d i s p e r s e  sprays i s  i n v e s t i g a t e d .  The p h y s i c a l  and numer ica l  
models a r e  t h e  same as i n  r e f e r e n c e  6. Three mean d iameters which a r e  examined 
a r e  t h e  Sauter mean d iameter ,  volume median d iameter ,  and s u r f a c e - a r e a  mean 
d iameters.  Resu l t s  a r e  ob ta ined  f o r  a f reon -11  spray i n  a s t i l l  environment 
and f o r  a methanol spray a l s o  i n  a s t i l l  b u t  h o t  environment.  For bo th  cases, 
t h e  r e s u l t s  f o r  t h e  p o l y d i s p e r s e  spray a r e  compared w i t h  those f o r  i t s  equlva-  
l e n t  monodisperse sprays.  Major  conc lus ions a r e :  

( 1 )  For t h e  f reon -11  case, t h e  degree o f  c o r r e l a t i o n  between t h e  p o l y d i s -  
perse and e q u i v a l e n t  monodisperse sprays i s  q u i t e  good. Amongst t h e  t h r e e  mean 
d iameters,  t h e  volume median diameter and t h e  su r face -a rea  mean d iameter  p r o -  
v i d e  respect!vely t h e  b e s t  and t h e  w o r s t  r e p r e s e n t a t i o n  o f  p o l y d i s p e r s e  spray 
behav io r .  The r e s u l t s  f o r  t h e  Sauter mean d iameter  a r e  q u i t e  c l o s e  t o  those 
f o r  t h e  volume median d iameter .  

( 2 )  For t h e  methanol case, t h e  c o r r e l a t i o n  between t h e  e q u i v a l e n t  mono- 
d i s p e r s e  and p o l y d i s p e r s e  sprays i s  not  q u i t e  as good as f o r  t h e  p rev ious  case 
b u t  i s  s t i l l  accep tab le .  Again, t h e  volume median d iameter  b e s t  s lmu la tes  t h e  
v a p o r i z a t i o n  behavior  o f  po l yd i spe rse  spray.  

( 3 )  The methanol spray r e s u l t s  a r e  perhaps more t y p i c a l  o f  a t u r b u l e n t  
v a p o r i z i n g  spray than  those f o r  t h e  f r e o n  11 because o f  t h e  h i g h  i n i t i a l  vapor 
c o n c e n t r a t i o n  i n  t h e  l a t t e r .  

( 4 )  The use o f  a s u i t a b l e  mean d iameter  i s  a l s o  encouraging due t o  t h e  
r e d u c t i o n  i n  computat ional  e f f o r t s  by a f a c t o r  o f  s i x .  T h i s  w i l l  become more 
o f  an i s s u e  as advanced v a p o r j z a t i o n  models ( r e f .  8 )  a r e  employed o r  i f  t h e  
combust ion s i t u a t i o n  i s  cons idered.  

(5) The genera l  c o n c l u s i o n  i s  t h a t  t h e  use o f  a s u i t a b l e  d e f i n e d  monodis- 
pe rse  spray f o r  r e p r e s e n t i n g  a r e a l i s t i c  p o l y d i s p e r s e  spray i s  q u i t e  encour- 
ag ing.  The degree o f  c o r r e l a t i o n  i n  t h e  more i n t e r e s t i n g  r e g i o n  o f  spray, 
where more than 80 pe rcen t  o f  t h e  l i q u i d  vapor izes,  i s  accep tab le  t o  q u i t e  
good. I t  can perhaps be improved f u r t h e r  by employing two mean d iameters.  
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r / x  

0.013 

- 
x/o 

- 
50 
70 

100 
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600 - 

Polyd isperse  d20 d0.sv d32 

0.194 0.287 0.206 0.160 

TABLE I 
( a )  V a r i a t i o n  o f  l i q u i d  f l u x  and t o t a l  f r e o n  mass f r a c t i o n  

along t h e  j e t  a x i s  

x/O 

L i q u i d  f l u x  a t  T o t a l  f r e o n  mass 
i e  j e t  a x i s  f r a c t i o n  a t  t h e  j e t  a x i s  

(normal ized  

Po lyd isperse  d32 

~ 

Po ly -  
d i s p e r s e  

1 .o 
.560 

.194 

. l o 2  

.032 

.012 

.005 

.32a 

200 
250 
300 
350 

I t h e  v a l u e  a t  x/O = 50)( 

.12 .116 .119 . lo1 

.086 ,078 .045 .056 
.029 .038 .026 .006 
.015 .012 .005 .0003 

d 0 . 5 ~  I d32 

.206 

.034 

.009 

.003 

d20 

1 .o 
.560 
.314 
.287 
.141 
.019 
. O O l  
0 

d i s p e r s e  

216 .214 I :165 I .167 
I .119 1 .124 

095 .095 1 1077 1 .078 

d32 1 d20 1 
0.526 0.526 n 

.285 .2B9 ::;: I :z I 

.126 .124 

:E 1 $3 I 
( b )  R a d i a l  v a r i a t i o n  o f  l l q u i d  

f l u x  a t  x/D = 150 

I I I I 1 1 
1 . 0  11.0 11.0 11 .0  

..I"& .::: . 5 2 2  

.2J5 1 ,245 1 .273 1 

.133 .137 .225 
.295 



TABLE 111. - COMPARISON OF TOTAL LIQUID 

MASS FLOW RATE AN0 TOTAL VAPOR MASS 

FLOW RATE FOR THE FOUR SPRAYS 

( a )  T o t a l  l i q u i d  mass f l o w  r a t e  

x / o  I d32 I d 0 . 5 ~  I d20 P o l y d i s -  
perse  

I T o t a l  l i q u i d  mass f l o w  r a t e ,  kg/sec 

2 . 3 9 ~ 1 0 - 4  
2.04 
1.74 
1.27 

.8b 

.52 

.2b 

.09 

250 
300 
350 

2 . 3 9 ~ 1 0 - 4  
2.12 
1.83 
1.38 
1 .o 

.bb 
.38 
.17 

2.39X10- 
2.09 
1.77 
1.34 

.98 

.70 

.47 

.30 

P o l y d i s -  
perse  d32 1 d0.5v I d20 

2 . 3 9 ~ 1 0 - 4  
1.89 
1.5 

.98 

.58 

.27 

.07 

.004 

.51 

.99 
1.39 
1.73 
1.99 

12.15 

(b) T o t a l  vapor mass f l o w  r a t e  

.49 
0.94 
1.33 
1.67 
1.95 
2.15 

T o t a l  vapor mass f l o w  r a t e ,  kg /sec  I - 
50 
70 

100 
150 
200 
250 
300 
350 

0 
. 2 5 ~ 1 0 -  
.5b 
.99 

1.34 
1.62 
1.85 
2.01 

.31 ~ 1 0 - 4  

1 . b l  
1.92 

2.15 
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FIGURE 1.- VARIATION OF FREON VAPOR MASS FRACTION 
I N  THE TURBULENT EVAPORATING SPRAY FOR THE POLY- 
D ISPERSE AND THREE EOUIVALENT MONODISPERSE SPRAYS. 
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FIGURE 3.- RADIAL V A R I A T I O N  OF MEAN L I Q U I D  FREON 

FLUX FOR THE POLYDISPERSE AND EQUIVALENT MONO- 
DISPERSE SPRAYS. 
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FIGURE 4 . -  VARIATION OF METHANOL VAPOR MASS FRAC- 
T I O N  I N  THE TURBULENT EVAPORATING SPRAY FOR THE 
POLYDISPERSE AND THREE EQUIVALENT MONODISPERSE 
SPRAYS. 
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FIGURE 5 . -  RADIAL VARIATION OF MEAN L I Q U I D  METHA- 
NOL FLUX FOR THE POLYDISPERSE AND EQUIVALENT MONO- 
DISPERSE SPRAYS. 
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